Introduction
Floating bridges and breakwaters are often subject to local wind-generated waves and crests of finite length. The length of these structures are much greater than the incident wavelength. Due to the short-crestedness of the waves, the loads and motions experienced by the structure in directional seas are often less than those in long-crested seas. This could lead to significant savings in construction costs since the traditional approach to the design of such structures often assumes the incident wave field to be unidirectional or long-crested. It could also affect decisions as to whether designs are accepted or rejected in feasibility studies.
The computation of the wave loads and motions of structures in directional seas first requires the solution of the problem associated with the interaction of a regular oblique wave train with the structure. Previous studies of oblique wave-structure interaction include those conducted by [1, 2] for finite water depth and by [3] [4] [5] for infinite water depth. Bai [1] and Leonard et al. [2] used a finite element technique, while Garrision [3, 4] used a Green's function procedure.
Various authors [6] [7] [8] [9] [10] [11] have studied the loading and response of long structures in directional seas. The analyses are carried out either in the frequency or time domain. Battjes [6] presented load reduction factors for a vertical wall and a pipeline in short-crested seas. Hartz [7] used an empirical spatial correlation factor to incorporate the effect of wave directionality in a finite element analysis of the response of floating bridges. Georgiadis [8] and Langen and Sigbjornsson [9] used a Monte Carlo simulation process to determine the appropriate nodal forces on floating bridges. Most of the previous studies [7] [8] [9] [10] used exciting force and hydrodynamic coefficients for two-dimensional beam seas.
Contributed by the OMAE Division and presented at the 5th International Symposium and Exhibit on Offshore Mechanics and Arctic Engineering, Tokyo, Japan, April [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 1986 , of THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS. Manuscript received by the OMAE Division, March 27, 1985; revised manuscript received May 7, 1986. In the present paper, a boundary element method is developed to compute the exciting force and hydrodynamic coefficients of an infinite semi-immersed cylinder of arbitrary shape in oblique seas. Garrison [4] used a Green's function which satisfies the free surface and radiation boundary conditions, and the numerical procedure involved the discretization of the immersed cylinder surface. This Green's function is quite complicated and is valid only for water of infinite depth. The Green's function for water of finite constant depth is also of a rather complicated form. The present method uses a simple Green's function which satisfies the governing differential equation in an unbounded fluid and thus requires the discretization of the free surface and radiation surfaces in addition to the cylinder surface. The present procedure is found to be quite accurate and efficient. The results are first extended to structures of finite length and then to shortcrested seas using the transfer function approach. The wave loads and motions of a structure in short-crested seas are compared with corresponding results for long-crested, normally incident waves. The effect of the short-crestedness of the waves on the loads and response of the structure is expressed as a directionally averaged, frequency-dependent reduction factor for the loads and a response ratio for the body motions.
Linear Diffraction Theory
Consider the interaction of a regular oblique wave train with an infinitely long, floating cylinder of arbitrary shape. It is usually convenient to separate the wave-structure interaction problem into two parts: 1) exciting forces due to wave diffraction by a fixed cylinder, and 2) hydrodynamic forces associated with an infinite cylinder oscillating in heave, sway and roll in otherwise still water expressed in terms of added mass and damping coefficients. The wave height and oscillatory motions of the cylinder are assumed small so that the complete problem of wave interaction with a floating cylinder can be represented by a linear superposition of the diffraction and forced motion problems.
Wave Diffraction Problem.
A regular small amplitude wave train of height 77 and angular frequency a> is oblique incident upon an infinitely long fixed horizontal cylinder. The waves propagate in water of depth d in a direction making an angle / S with the x-axis (see Fig. 1 ). The coordinate system is right handed with z measured upwards from the still water level and the y-axis parallel to the axis of the infinite cylinder. The origin of the (x, y, z) coordinate system is at the still water level vertically above or below the center of gravity. The fluid is assumed to be inviscid and incompressible and the flow irrotational. The fluid motion may therefore be described in terms of a velocity potential <J>, which must satisfy the Laplace equation
within the fluid region. The wave height is assumed sufficiently small so that linear wave theory is applicable, and consequently, $ is subject to the usual linearized boundary conditions. It is convenient to assume the velocity potential to be of the form
where $ 0 and <J> 4 are the velocity potentials for the incident and diffracted waves respectively. The incident wave potential is given by linear wave theory as
where k is the wave number which is related to the angular The fluid motion is considered periodic in time as well as along the axis of the cylinder. A nondimensional potential f can thus be defined by
The boundary value problem for the diffracted potential can be stated as
where v = k sin /?, n is a direction normal to the boundary directed away from the fluid region and S B is the immersed body surface. X R is a finite distance from the body wave where the infinite boundary is truncated. An approximate analysis to find the distance X R is given in [12] . The governing threedimensional Laplace equation (1) has now been reduced to the two-dimensional modified Helmholtz equation (6).
Forced Motion Problem.
Consider an infinitely long flexible cylinder oscillating in heave, sway and roll with each motion periodic in time as well as along the axis of the cylinder. The displacement or rotation in the /cth mode can be expressed as 2*(y,/) = Re[foexp|/(^sin£-coO)] k= 1,2,3 (11) where & is the complex amplitude of the oscillation of the cylinder with k = 1, 2, 3 corresponding to the sway, heave and roll modes respectively. The angle /3 for the forced motion problem represents the direction of propagation of the waves generated by the oscillations of the flexible cylinder relative to the axis of the cylinder. For a rigid cylinder, the radiated waves travel parallel to the axis of the cylinder and hence correspond to f) = 0 deg. The velocity potential associated with the /cth mode of motion can be expressed as
The Hnearized boundary condition on the body surface is given by
where n x = n x n 2 = n z n 3 = (z -e)n x -xn z and n x , n z are the direction cosines of the unit normal vector n on the immersed body surface and (0, e) denotes the point about which the roll motion is prescribed. The boundary value problem for the forced motion potentials <j>k{k= 1,2, 3) is hence governed by equations (6)- ( 10) 
where G(x; £) is an appropriate Green's function, x denotes the point (x, z) being considered and % denoted the point (£, I) over which the integration is performed. The closed surface S comprises the immersed body surface S B , the mean free surface Si--, the radiation surface S R , and the seabed S D as shown in Fig. 2 . When the interior point x approaches the boundary from within the fluid, equation (14) reduces to the following integral equation:
The Green's function, which satisfies the modified Helmholtz equation (6) in an unbounded fluid and is singular at the point x = £, is given by
where K 0 is the modified Bessel function of order zero and r is the distance between the points x and £ r= It
The function K 0 (x) --In x as x -» 0 so that the Green's function which satisfies the two-dimensional Laplace equation is obtained as /? -» 0 deg. Since the seabed is assumed horizontal, it is computationally more efficient to exclude the seabed from 5 and an alternative Green's function which takes into account symmetry about the seabed can be defined
where r' is the distance between the points x and £' = (f.
-(f + 2 d)), which is the reflection of | about the seabed
The integral equation (15) can now be evaluated numerically to give the potential <j> at any point in the fluid, and hence, provide the solution to the boundary value problem.
Hydrodynamic Coefficients.
Once the velocity potential is obtained, the hydrodynamic pressure can be computed from the linearized Bernoulli equation
Fig. 2 Sketch of truncated boundary
The forces and moments per unit length are determined by integrating the hydrodynamic pressure over the immersed body surface S B .
The exciting force per unit length which is due to the incident and scattered waves and is proportional to the wave height is given by = Re
where Cj is the complex exciting force amplitude. There are also hydrodynamic forces associated with the motions of the cylinder which are proportional to the amplitude of cylinder motion. The /th component of the force due to the j'th component of motion can be expressed as
This force can also be expressed in terms of two components; one component in phase with the acceleration and the other in phase with the velocity
where n u and X /7 are the added mass and damping coefficients, respectively. These hydrodynamic coefficients depend both on the frequency of oscillation and the mode shape of the cylinder. 
Equations of
where m y and c tj are the mass and hydrostatic stiffness matrix coefficients, respectively, given in [12] . Additional forces due to moorings or viscous damping may be included in equation (24) if present. For the case of roll motion, viscous damping is important particularly near the resonance frequency and would have to be included in equation (24). The amplitudes of body motion are often described in terms of the response amplitude operator Z 7 defined as
The amplitude of the roll motion £ 3 in equation (25) is dimensionalized by the half-beam of the cylinder.
2.6 Numerical Procedure. In order to evaluate the integral equation (15), the boundary is divided into TV elements with the value of <j> or d<j>/dn considered constant over each element and equal to the value at the midpoint of the element. Elements with higher order variations of <j> and d<j>/dn could also be used. Equation (15) The coefficients a, 7 and Z>, 7 are defined as
where /y and r[j are given as
x, and x, are evaluated at the midpoint of each segment. When / 5^7, the integrals in equations (29) and (30) are approximated by evaluating the Green's function and its normal derivative at the midpoint of each segment. The coefficients are thus given as
7T
where Az, = z j+l -zj ASj = V(Az,) 2 + (Ax,) 2 and K x is the modified Bessel function of order one. When i=j, the integrals in equations (29) and (30) become singular. Evaluating the nonsingular components K 0 (vr') and dK Q {vr')/dn as before and using the asymptotic formula for K 0 ( v r) (see [13] )
where 7 is Euler's constant, the diagonal coefficients are given as
With the coefficients a,, and bu now known, equation (27) 
Effect of Finite Structure Length
We shall now consider the forces on a rigid structure of finite length, L. The length of the structure is assumed to be much greater than the incident wavelength. The total force on the structure is obtained by integrating the two-dimensional force along its length, ignoring end effects
Fj(y, t) dy
The foregoing expression can be thought of as the product of the force per unit length, the length of the structure, and a factor r(kL, /3) defined as r(kL, fi) = 2 sin((fcL/2)sin ff) kL sin fi
The factor r(kL, /3) can be considered to be a reduction of the load per unit length due to the finite length of the structure for a given angle of approach, or due to the obliqueness of the waves for a given structure length. The hydrodynamic coefficients for a finite length structure are obtained by multiplying the sectional coefficients for beam seas (/3 = 0 deg) with the length of the structure.
Representation of Directional Seas
The short-crested sea surface is often modeled by a linear superposition of long-crested waves of all possible frequencies approaching a point from all directions:
v(x, y, t) = Re £2 Aijexp\i(kjX cos ft + k,-y sin ft -co,t + %)} (42) where k t denotes the wavenumber of the zth wave component traveling in the direction ft, o>, its frequency and A u its amplitude. c u are random phases with a uniform probability distribution. The sea surface elevation is assumed to be a zero mean stationary, random Gaussian process. The amplitudes Ajj may be obtained from a specified directional wave spectrum S(u, /?) as
The directional wave spectrum is often expressed in terms of an energy spreading function G(w, 13) applied to the conventional one-dimensional spectrum
The following frequency independent cosine-power spreading function is used in this study:
where /?o is the principal direction of wave propagation. C(s) is a normalizing coefficient given by C(s) = ±n* +1) (46) r is the gamma function. The parameter s describes the degree of short-crestedness of the waves with s -* °° representing long-crested waves.
Response to Directional Waves
The exciting force on a rigid structure of finite length due to a regular oblique wave train of frequency u> and direction P can be expressed as
where //,•(«, P) is a complex-valued system response function given by equation (40) as
Since the wave-structure interaction process is assumed linear, we expect the value of any force at a given wave frequency to be due to wave components at the same frequency but propagating from all possible directions. The force spectrum S Fj (w) is thus related to the incident wave spectrum S v (<a, P) by
where \Hj(u, P)\ 2 is the transfer function. Since the water surface elevation is assumed to be a Gaussian process, the forces will also possess a Gaussian probability distribution.
Using the form of the directional wave spectrum given in equation (44), equation (49) 
The factor in the brackets represents a frequency-dependent, directionally averaged transfer function. The mean square value of the force can be obtained by integrating the force spectrum over the frequency u>. The root mean square value (rms) of the force represents a characteristic force from which extreme value predictions are usually made. The effects of wave directionality on the wave loads can be expressed as a force reduction factor defined as the ratio of the frequency-dependent, directionally averaged transfer function in short-crested seas to the transfer function for longcrested, normally incident waves
A body response ratio R M can also be defined as the ratio of the rms value of the response in short-crested seas to corresponding results for long-crested seas, that is
RM, -
Jo-J^|Z,(q,, P)\ 2 G(P)S,(w) dp du>
For the case of oblique mean incidence, the directional distribution will be cut off to ensure that the waves approach the structure from one side only.
Results and Discussion
The exciting force and hydrodynamic coefficients obtained using the present boundary element method for several test sections are compared in [12] with those obtained by [1, 4] using other solution techniques. The present method is found to be quite accurate and efficient.
The equations of motion were also solved to give the amplitudes of motion of a long floating box (a = 7.5 m, /} = 3 m, L = 75 m) in water of depth d = 12 m. The box is assumed to be rigid and hence the added mass and damping coefficients for beam seas (/3 = 0 deg) are used. Figures 3 and  4 show the amplitudes of motion for the sway and heave modes, respectively. The amplitudes are plotted as functions of ka for p = 0, 30 and 60 deg. At low frequencies, the amplitudes of motion are the same as the amplitudes of the horizontal and vertical motions of a particle at the free surface. The sway amplitude decreases with increasing ka for all angles. The heave amplitude for beam seas increases with ka up to maximum before decreasing, while the response amplitudes for p = 30 and 60 deg decrease with increasing ka. There are local zeros of the response for oblique waves corresponding to the zeros of the factor r(kL, p).
In directional seas, there are two factors that contribute to the reduction of wave loads experienced by long structures: 1) the sinusoidal variation of the wave forces along the length of the structure, and 2) the variation of the twodimensional forces with angle of incidence for a given cross section. The integration of the two-dimensional force along the length of the structure results in a reduction factor r(kL, P). The square of the reduction factor r(kL, P) is plotted as a function of kL for p = 0, 15, 30 and 60 deg in Fig. 5 . For a given structure of finite length, the factor r(kL, ft) results in the reduction of the wave loads per unit length for oblique waves even if there is no variation of the sectional force with angle of incidence. It also results in the decrease of the wave loads per unit length as kL increases. The combination of the factor r(kL, ft) with the sectional force variation with angle of incidence results in the total force reduction factor R F .
The frequency-dependent force reduction factor R F has been computed for the long floating box. The computed R F values for the cosine-power-type energy spreading function is plotted as a function of ka in Figs. 6(a)-(c) for the sway, heave and roll forces (or moment), respectively. The results are shown for s = 1, 3, 6 in order to assess the influence of the degree of wave short-crestedness. A principal direction ft = 0 deg was used in the computations. Simpson's rule was used to carry out the numerical integration in equation (51). At low frequencies, the heave force reduction factor approaches a limiting value of one. This indicates that the heave exciting force is independent of direction for low values of ka. As ka (or kL) increases, there is a significant reduction of the heave force mostly due to the factor r{kL, ft). The sinusoidal variation along the length thus makes it important to account for directional spreading particularly for long structures. It can also be seen from Figs. 6(a)-(c) that as s increases, the forces approach the results for long-crested seas. Battjes [6] derived an expression for the asymptotic form of R F at high frequencies. This is given as
At higher frequencies, the sway, heave and roll force (or moment) reduction factors all converge to a value which is slightly less than the asymptotic value. The sway and roll force (or moment) reduction factors approach a value of 0.866 as ka -* 0. The force reduction factors for all three modes decreased with increasing ka up to a value of 0.4 at ka = 2. The sway and heave force reduction factors were also computed for one case of oblique mean incidence (ft = 30 deg) and the results are shown in Figs. l(a)-{b) . The reduction factors for normal mean incidence are included for comparison. At low frequencies, the sway force reduction factor has a value of 0.79 for ft = 30 deg compared to 0.866 for normal mean incidence. The heave force reduction factor at ka = 0 was 0.985 for ft = 30 deg compared to 1.0 for ft = 0 deg. The slight reduction of the heave force arises from the fact that the spreading function was cut off to ensure that the waves approach the structure from one side only. As ka increases, the difference between the heave force reduction factor for oblique mean waves and normal mean waves increases up to an asymptotic ratio of cos ft.
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The response ratios for the body motions were computed for the case of the floating box subject to a Bretschneider spectrum with cosine power energy spreading and normal mean incidence. The incident unidirectional wave spectrum is given as
where H s is the significant wave height and f 0 is the peak frequency. The computed response ratios for all three modes were almost identical. The sway response ratio is plotted as a As s increases, the response ratios approach a limiting value of one indicating that the amplitudes of motion of the structure in short-crested seas approach the long-crested results as 7
Conclusions
The effect of wave directionality on the loads and motions of long structures has been studied. A boundary element method based on Green's theorem has been developed to compute the exciting force and hydrodynamic coefficients associated with the interaction of a regular oblique wave train with an infinitely long, floating cylinder of arbitrary shape. The method is quite general and can be applied to cases of variable water depth. The method is however not valid for head seas since the component of the incident wavelength along the body axis becomes of the same order of magnitude as a typical cross-sectional dimension.
The wave loads and motions of a rigid structure in shortcrested seas have been obtained using the linear transfer function approach. The effect of wave directionality is expressed as a frequency-dependent, directionally averaged reduction factor for the wave loads and a response ratio for the body motions. The reduction factors have been evaluated numerically for the cosine-power-type directional spreading function. Response ratios were also computed for a Bret- Schneider incident wave spectrum with cosine power spreading.
For the given structure, the sway and roll force reduction factors varied from 0.87 at ka = 0 to 0.41 at ka = 2 for a cosine-squared distribution with normal mean incidence. The heave reduction factor varied from 1.0 at ka = 0 to 0.40 at ka = 2. The ratio of the amplitudes of motion of the structure for the specified short-crested sea state with a cosine-squared distribution were 57, 57.5 and 58.5 percent of the response in long-crested seas for the sway, heave and roll modes, respectively. A further reduction of the forces and amplitudes of motions is obtained for oblique mean waves (/3 0 # 0 deg). These reductions are quite significant, particularly for long relative structure lengths and need to be considered in the design process.
As the parameter s which describes the degree of shortcrestedness increases, the loads and motions of the structure in short-crested seas approach the results for long-crested seas.
